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ABSTRACT 



Previous studies have shown that terminal velocity raindrops striking a smooth water 
surface create oscillating bubbles that radiate significant underwater sound energy. Those 
studies identified two diameter ranges that produce bubbles: small drops (0.8-1. 1 mm 
diameter) which produce bubbles by one mechanism and large drops (2. 2-4. 6 mm 
diameter) which create bubbles by a different mechanism. Effects of oblique incidence 
have been studied only for small drops. Average energy spectra were calculated for a 
range of raindrop sizes striking a smooth water surface. 

This work deals with the real life situation of large raindrops of a size often present in 
heavy rainfall (4.6 mm diameter) striking a sloped water surface. Terminal velocity is used 
to simulate natural rainfall, and the sloped surface is used to simulate the surface gravity 
waves of a natural sea. The effects of a sloped water surface on the frequency spectra and 
energy for 4.6 mm raindrops are estimated. 

By comparing energy spectra generated by single drops in an anechoic laboratory tank 
to underwater sound spectra measured at sea, it will be possible to estimate heavy rainfall 
rate by means of remote underwater listening devices. 
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I. INTRODUCTION 



One of the goals of the Naval Postgraduate School (NPS) Raindrop Lab is to 
understand the physics of underwater sound production by natural rainfall. Previous 
studies have shown that significant underwater sound is generated by the impact of 
raindrops upon a water surface and even more so by oscillating bubbles, when formed 
[Franz, 1959], Once the sound pressure is measured, the energy spectrum of a single drop 
can be calculated. Figure 1.1 shows a typical time signal of an impact of a large diameter 
(4.6 mm ) drop which produced two bubbles . The corresponding energy spectrum is also 
shown. 

By cataloging the sound produced by each raindrop size, it is possible to predict the 
sound produced by natural rainfall [Nystuen et al 1992], This, in turn, will allow rainfall 
to be monitored using passive listening devices. 

Raindrops can be categorized by size and acoustic signal [Medwin et al, 1992], Table 
1.1 summarizes the common drop size categories and their corresponding sources of 
sound. 



TABLE 1.1. Raindrop Sizes and their Sources of Sound. 



Nomenclature 


Raindrop Diameter (mm) 


Sources of Underwater Sound 


Minuscule 


0-0.8 


Impact 


Small (Type I) 


0.8-1. 1 


Impact and Bubbles 


Mid-Size 


1. 1-2.2 


Impact 


Large (Type II) 


2.2 and larger 


Impact and Bubbles 



1 




Figure LI. Typical graph of a time series of on-axis acoustic pressure at 1 m for an impact and two 



resulting bubbles (upper plot) and the corresponding energy spectrum (lower plot). 
{Sampling frequency 50 kHz.; 4.6 mm drop}. 
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The most important size categories are small and large drops as these two sizes 
consistently produce oscillating bubbles which are the dominant sound source. (The Type 
I and Type II bubble formation mechanisms are described in Chapter III.) 

All experiments at NPS have been conducted with raindrops at terminal velocity. 
Previously, however; the large drops were impacting at normal incidence upon smooth 
water surfaces. A normal angle of incidence does not describe a natural sea state. 
Although these experiments were outstanding for determining the basic physics of 
underwater sound production, a more realistic scenario is required. 

Kurgan [1989] conducted experiments for small drops at terminal velocity and at 
various angles of incidence. The influence of angle of incidence on small drops was very 
significant. His non-normal incidence angles were generated by placing a fan above the 
point of impact and forcing the small drops to strike the smooth surface at an oblique 
angle. Logistically large raindrops can not be significantly deflected using a fan. 

The purpose of this thesis is to apply the theory and knowledge gained from past 
experiments with smooth surfaces to large raindrops impacting upon a sloped water 
surface. This simulates ocean surface gravity waves. Large drops, with a diameter of 4.6 
mm at terminal velocity, were used throughout the experiment. The results will be 
compared to those for smooth surface experiments. 
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II. LABORATORY FACILITIES 



A. EXPERIMENTAL SETUP 

1. Drop Shaft 

The laboratory facilities available for this experiment are unique to the Naval 
Postgraduate School. A utility shaft with a height of 26 meters (and cross section of 3 m 
x 3 m) empties into a room containing a 1.5 m diameter, redwood lined anechoic 
cylindrical tank . [Figure 2.1] Installed in the shaft is a 9" diameter plastic tube that 
reduces the amount of interference from air drafts. The 26 m height allows drops of all 
sizes normally found in natural rainfall to reach terminal velocity. 



Intravenous Dropper 





Top View 
of tank 








A/D 

]omputerScope 



4 Krohn-Hite 
Filter 



Ithaco 

Preamp 



26 m 

(for terminal 
velocity) 



£ 









Hydrophone 

Anechoic 

Redwood Tank 



1.5 m 



Figure 2.1. Diagram of Laboratory Setup. 




Motor 
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2. Intravenous (IV) Dropper 

A standard medical IV bag with surgical tubing is used to generate large raindrops. 
Attached to the tubing is a tip calibrated to produce 50 |iL drops (4.6 mm diameter). The 
accuracy of the tip was verified by measuring the volume of 100 drops six times. Each 
repetition was ± 5 % of the volume expected for 100 drops. 

3. Anti-Wind Tube 

New to the lab is the anti-wind tube. It is constructed of thirty-three needlepoint 
hoops ( nine inch diameter) and two 50 ft. lengths of typical plastic liner for gardens. The 
two lengths are overlapped by 13 feet. The hoops are equally spaced the entire length of 
the tube. The inner ring of the hoop is rolled inside of the plastic. The outer ring is made 
tight around the inner ring. This forms the plastic into a 9" x 87' cylinder. 

The addition of the tube increases the accuracy of the impact of the raindrop in 
relation to the location of the hydrophone. Previous work measured impacts with 
estimates of the random horizontal distances from the hydrophone (within 20 cm). 
Presently, we are consistently able to impact the surface of the water within 4 cm of the 
epicenter of the underwater hydrophone. The increased accuracy reduces the amount of 
range and angle correction required. 

4. Anechoic Tank 

In the room where the anti-wind tube ends is a cylindrical redwood tank with a 
diameter and a height of 1.5 m. The tank is made anechoic with a lining of redwood 
wedges. The tank contains filtered salt water acquired from the Monterey Bay Aquarium. 
Because data sets were taken on different days, the salinity was measured for each data 
set. 

The tank houses the wave generator frame and an LC-10 hydrophone. 
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5. Wave Generator Frame and Motor 

Also new to the lab is the wave generator frame and motor. It is inserted into 
the tank and resembles a box kite. It is constructed of a redwood frame that supports 
walls made of Mylar. Three sides are stationary while the fourth Mylar wall is hinged at 
the bottom to allow for a paddle motion. The paddle is attached to a motor mounted level 
with the top of the tank. The dimensions of the frame are 26" x 26" x 41" (LxWxH). 

The wave generator remains in the tank for experiments involving both smooth and 
rough surfaces. Mylar was used because of its anechoic properties. It allows sound to 
pass but reflects surface water waves. This maintains the anechoic integrity of the tank 
and still allows for the creation of a roughened surface. 

The motor's shaft generates circular motion. This motion is translated to "linear" 
motion to drive the paddle via a mechanical eccentric coupling. 

6. Video Camera 

A Sony 8 mm video camera placed level with the water surface is used to film the 
sloped surface experiment. Extracted from the videotape are the slope of the surface and 
the depth of the hydrophone at the time of impact. The camera speed is 30 frames per 
second. 

To assist with the determination of the slope, a grid of vertical strings is suspended 
in the tank . The grid is filmed in the background while the drops impact the surface. The 
spacing between vertical lines is 2 cm. A reference line is marked on the grid before the 
surface is roughened. This allows for the measurement of the depth of the hydrophone. 
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7. Hydrophone 



An LC-10 hydrophone [Figure 2.2] from Celesco Transducer Products, Inc. is 
used to measure the sound pressure of the impacts and oscillating bubbles. It is positioned 
at a depth of 6 cm for both types of experiments. For the sloped surface experiment a 
video camera is used to determine the instantaneous depth of the LC-10. The hydrophone 
is suspended by three supports of fishing line. The supports are positioned at intervals of 
120° to minimize the amount of movement caused by a passing wave. 




Figure 2.2. LC- 1 0 Hydrophone (All dimensions are in inches). 



8. Amplifiers and Filters 

The signal from the hydrophone is connected to an Ithaco 1201 Pre-amp set at a 
gain of 100. The signal is then connected to a Krohn-Hite 3202R band pass filter. The 
frequencies passed are between 1 kHz and 30 kHz in both pieces of equipment. 

9. ComputerScope© 



The signal is then connected to an IBM clone 286 computer with an analog to 
digital converter (A/D). The digital data acquisition card and its software, 
ComputerScope (sold by RC Electronics), is used for all data acquisition. 

Amplitude resolution was twelve bits. The sampling frequency used was 50 kHz. 
This allowed for a time series of 320 ms duration. Previous work was sampled at 125 
kHz and 250 kHz. Their respective time series lengths were 128 ms and 64 ms. 
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III. BACKGROUND 



A. BUBBLE FORMATION MECHANISMS 

Two distinct bubble formation mechanisms have been identified [Snyder, 1990], The 
Type I mechanism pertains to small diameter raindrops (0.8 mm to 1.1 mm) whereas the 
Type II mechanism pertains to large diameter raindrops (> 2.2 mm). At terminal velocity 
the raindrop diameter ranges of d < 1.1 mm and 1.1 mm < d < 2.2 mm do not produce 
bubbles. 

1. Type I 

Small raindrops at terminal velocity produce Type I bubbles 100 % of the time 
when striking a smooth surface at a normal angle of incidence. As the angle of incidence 
increases to 20°, the bubble formation percentage drops to 10 % [Kurgan, 1989], A 
Type I bubble is formed when the base of a conical splash crater is pinched off [Longuet- 
Higgins, 1990], The resulting bubble resonates at approximately 15 kHz. Additional 
references for the Type I mechanism are Pumphrey et al., [1989] and Oguz and 
Prosperetti, [1990], This mechanism can be used to explain the sound produced 
underwater by light rain [Pumphrey et al , 1989] and the influence of wind upon the sound 
produced underwater by light rain [Nystuen, 1977], 

2. Type II 

The Type II mechanism is important when large raindrops are present in the rain. 
Large raindrops are prevalent during heavy rain. 

Type II bubbles are not formed as consistently as Type I bubbles. At terminal 
velocity and normal incidence upon a smooth water surface, it has been shown that 4.6 
mm drops form at least one bubble 50-65 % of the time. When Type II bubbles are 
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formed they resonate between 1.6 and 10 kHz [Jacobus,1991; Ostwald, 1992] depending 
on drop diameter. For 4.6 mm drops, the dominant resonance frequencies are between 1.6 
and 2.0 kHz. 

Snyder, Jacobus, and Ostwald describe Type II bubbles. They define a primary 
bubble as the bubble that produces the largest peak to peak voltage (pressure) for that 
drop when produced by the Type II mechanism (usually 60-70 ms after impact). 
Secondary bubbles were defined as anything else. We have found that this may not be 
appropriate. It would be better to define the "primary bubble" as the resulting bubble that 
contains the most energy . This definition is independent of the bubble production 
mechanism. Recent experiments with large drops have shown that some previously 
defined "primary" bubbles may have been produced by the Type I mechanism generated by 
late-arriving aerosols resulting from the impact. The long time after impact (>100 ms) 
when a newly defined primary bubble begins to resonate leads us to believe that it is most 
likely generated by a Type I mechanism (generated by a small drop, an aerosol, striking 
the surface). Chapter IV addresses the significant effect of a sloped surface on these "late" 
bubbles. 

Figure 3.1 (frames 1-10) shows the sequence of events that lead to the formation 
of a Type II bubble. This phenomenon was first observed by Snyder [1990], Slow 
motion and stop motion photography of 400 frames per second allowed Snyder the 
opportunity to sketch the sequence . 

Frames 1 and 2: A flattened raindrop at terminal velocity impacts a smooth 

water surface and begins to form a canopy. The splash generates 
numerous aerosols. 

Frames 3 and 4: The canopy continues to form above the splash crater. 

Frames 5, 6, and 7: Water continues to flow up the sides of the canopy and the 

convergence of water forms upward and downward moving 
turbulent jets. 
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Frames 8 and 9: The downward moving jet plunges through the bottom of 

the crater. 

Frame 10: This jet contains entrained air. A buoyant force causes the 

entrained air to break off and form a resonating bubble. 
This action occurs only if the downward moving jet is 
canted. 
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